SERS-active microchannels on hydrophobic polydimethylsiloxane (PDMS) with both high reproducibility and sensitivity are fabricated. First, uniform and size controllable silver nanoparticles (Ag NPs) are prepared with the proposed two-step method, in which the nucleation and growth stages are carried out independently. The average size of Ag NPs is 65 nm, which is balanced for the stability of silver colloids and high enhancement of SERS at 633 nm excitation, with a relative standard deviation (RSD) of 7.80%. The uniform Ag NPs are evenly coated on hydrophobic PDMS and formed a dense monolayer Ag NPs film with a RSD of 7.07%. A SERS-active microchannel is fabricated by integrating the SERS-active substrate in a PDMS microchannel and shows excellent uniformity with a RSD of 4.6% along the flow direction. The SERS signals of a variety of lable free amino acid and proteins are detected with good signal-to-noise ratios on the SERS-active substrate. By comparing the SERS spectra detected on the substrate and in the microchannel during flow, the adsorption mode of PMP22-TM4 on the surface of Ag NPs are revealed. More important, the results indicate that PMP22-TM4 might denature while drying on the surface of Ag NPs, but maintain the native structure in the SERS-active microchannels. Therefore, measuring SERS in a microchannel under the condition of flow offers a way to study protein conformation while keeping it in the native state.
Introduction
Raman spectrum is an attractive spectroscopic technique, which narrow-band peaks corresponding to submolecular vibrational modes in each functional group provide unique molecular ngerprints, and offers a label free analytical method. [1] [2] [3] [4] Surfaceenhanced Raman scattering (SERS) greatly amplies Raman signal and becomes an ultrasensitive tool for probing structural properties of analytes under very low concentration. [5] [6] [7] However, static SERS measurement has problems with local heating and photodissociation, and it cannot be used to trace conformational changes of biological molecules. [8] [9] [10] [11] These problems can be solved using SERS-active microchannels because owing conditions leads to more consistent heat dissipation. Moreover, it offers an online detection method and can be used to study various dynamic processes.
12,13
A SERS-active microchannel can be made by integrating a piece of SERS substrate in a microchannel. Among various methods [14] [15] [16] [17] for fabricating SERS-active substrate, chemically reduced silver nanoparticles self-assembly on substrate 14, 18 is favoured because of operation easy, cost effective and high SERS enhancement. 19 Nevertheless, one of the most important issues concerning the performance of SERS is reproducibility. Preparation of highefficiency and uniform SERS substrate using chemical assembly method requires two steps: (1) preparing uniform Ag NPs with a designed size; (2) evenly depositing Ag NPs on substrate. The growth mechanism of Ag NPs has been well studied: it follows nucleation-growth mechanism; 20,21 the pH value in nucleation stage controls the morphology of Ag NPs while the pH value in growth stage decides the size of particles. [22] [23] [24] [25] However, it is difficult to control the pH value in the growth stage.
PDMS is by far the most popular polymeric material for microuidics on account of its low cost, ease of fabrication and optical transparency. 26 However, its hydrophobicity makes difficult to fabricate SERS substrate on PDMS. To the best of our knowledge, 4,12,27-32 most SERS-active microchannels are PDMSglass (quartz or silicon) hybrid and SERS-active layer is coated on the hard substrate. Comparing with glass or quartz, PDMS is much easier to fabricate ne features due to the low elastic modulus and high Poisson's ratio, 26, 33 and cost less. In this work, we skilfully separated the nucleation and growth stages of Ag NPs and proposed a two-step method to prepare uniform and size controllable Ag NPs. By improved surface modication, the uniform Ag NPs were evenly adsorbed on PDMS and formed a single layer of dense Ag NPs lm over PDMS. Finally, we transfer the SERS substrate to the microchannel and successfully detected SERS signals of proteins and amino acid under the conditions of ow, which implicate valuable information about protein conformation and adsorption modes. The motivation for this study is to provide an effective technique to fabricate functional microuidic devices combining with SERS probe in the future.
Experimental

Reagents
The reagents and solvents were used in this study, including silver nitrate, trisodium citrate, sodium hydroxide, nitric acid, (3-aminopropyl) trimethoxysilane (APTMS), dipotassium hydrogen phosphate, potassium dihydrogen phosphate, sodium chloride, ethylic acid, natrium aceticum, ethanol, and methylsilicone oil were obtained from Chinese medicine group. The polydimethylsiloxane (PDMS) was from Suzhou WenHao Company. The rhodamine 6G (R6G), cytochrome c from equine heart and N-acetyl-L-tryptophanamide (NATA) were from SigmaAldrich. The transmembrane helix 4 of peripheral myelin protein 22 (PMP22-TM4, SI-1) was from Sangon Biotech. The ndodecylphosphocholine (DPC) was purchased from Anatrace. Dimethyl sulfoxide (DMSO) was from Xi ya reagent. The water is all deionized water.
Preparation of uniform silver nanoparticles
First, 1 ml of silver nitrate (0.3 M) was added into 4 ml of sodium citrate (0.46 M) at pH ¼ 11, 70 C and accompanied by ultrasonic dispersion. The reaction was allowed to run until it appeared milky white, indicating silver seed solution was essentially completed. Then, 295 ml water at pH 4.5 (growth solution) was brought to boil by oil bath heating while being stirred and condensation reux. Aer boiling, silver seed solution was injected into boiling water directly using syringe. The colour of the reaction solution was observed to change generally from yellow to grey green, then turbid. Kept heating the reaction solution for 1.5 h to enable intra-particle ripening, and then let it cool naturally. Since the nucleation and growth are carried out independently in the synthesis of Ag NPs, we name it two-step method. The reactions in the series of variable pH were carried out by adding either HNO 3 (1.35 M) or NaOH (0.2 M). In order to further improve the uniformity of Ag NPs, multiple rounds of centrifugation at low speed were performed. Centrifugal speed was set to 2500 rpm and time was 40 minutes. Aer each centrifugation, the silver nanoparticles which were at the bottom of the centrifuge tube were collected and diluted.
Assembling dense monolayer Ag NPs on PDMS substrate
First, pre-polymer of PDMS and curing agent with a ratio of 10 : 1 were mixed and degassed, then horizontally placed in oven for 12 hours which was set to 60 C. Second, the solidied PDMS was treated with plasma cleaning machine (MingHeng PDC-MG) for 40 seconds to create hydroxyl groups on its surface, then immediately immersed in 5% (v/v) APTMS ethanol solution (65 C) for 6 hours. Aer being taken out, the PDMS substrate was rinsed by ethanol and deionized water to remove excess APTMS, and dried by nitrogen. Then the PDMS substrate was immersed into silver colloids for 6 hours. The PDMS substrate with SERS-activity was prepared aer rinsed by deionized water.
Fabrication of microchannel with SERS activity
The fabrication steps for a microchannel with SERS activity is shown in Fig. 1 . Microchannel (width: 300 mm; depth: 50 mm; length: 1 cm) was made by the moulding method 8 (the mould was purchased from Suzhou Wenhao Chip Tech. Co., Ltd). Briey, the mixture of pre-polymer of PDMS and curing agent was cast on the mould; aer been baked at 60 C for 12 hours, the PDMS replica was peeled from the mould with designed channel in it. Aer plasma treatment and silylanization, the PDMS microchannel was immersed into silver colloids to adsorb Ag NPs. The Ag NPs which were not in microchannel were removed by strong adhesive tape. Aer being punched the inlet and outlet and cleaned by plasma, the SERS-active microchannel was sealed by another piece of PDMS coverslip which was also cleaned by plasma. To achieve permanent bonding, the microchannel was put in oven (65 C) for 3 h.
Characterization
UV-vis extinction spectroscopy. The extinction spectra of silver colloids and SERS substrate were recorded on a SHI-MADZU UV-3600 UV-vis spectrophotometer. The silver colloids were diluted 31 times before being measured.
Transmission electron microscopy. TEM images were taken on a JEM-2100 transmission electron microscope. Scanning electron microscopy. SEM images of SERS substrate were taken on a Zeiss Ultra Plus eld emission scanning electron microscope with an accelerating voltage of 5 kV.
SERS measurements
SERS measurements were performed with HORIBA JOBIN YVON T64000 three grating Raman spectrometer. He-Ne laser with 633 nm radiation was used for excitation and the laser power at the sample position was 2.3 mW. The scattering light was collected by a 50Â objective lens (numerical aperture (NA) ¼ 0.5) to the CCD detector. All SERS spectra shown here were results of a 10 s accumulation and the RSD is from 10 different measurements, if without specic description.
Results and discussion
Optimization of silver nanoparticles' size and morphology
Nucleation-growth model suggests that the formation of silver nanoparticles has gone through a fast nucleation process followed by a diffusion controlled growth.
20,21 Literature 24, 25, 34 shows that pH value during nucleation decides Ag NPs' morphology and low pH environment benets rod shapes. Therefore, to grow uniform spherical particles, we rst optimized pH in the high range during preparing seed solution and xed pH at 5 (pH of growth solution is 4.5) in the growth stage. Fig. 2(a) shows extinction spectra of Ag NPs nucleated under different pH values. As the pH was mediated from 8.7 to 12, the full width at half maximum (FWHM) of each extinction spectrum was 126, 97, 78 and 92 nm respectively. The FWHM achieves the narrowest at pH 11, which probably means Ag NPs nucleated at this pH value with best homogeneity. These results are consistent with TEM observations (shown in Fig. S1 †) . Under higher pH value, such as pH 12, the reaction process was very fast and made the experiment difficult to control and caused aggregation (Fig. S1 (c) †). High SERS enhancement factor (EF) requires optimum average size of nanoparticles. 35 We did simulations to nd the optimal Ag NPs size. Simulation results show that electric eld intensity between two Ag NPs increases greatly when their size grows from 20, 40 to 65 nm (see Fig. S2 †) . However, the stability of silver colloids becomes poor and the Ag NPs are easy to aggregate and precipitate when they get too big. Literature 23, 25, 36, 37 shows that low pH condition in growth stage is in favour to grow Ag NPs to large size. Two pH values (7.4 and 5 (the pH values of growth solution are 7.0 and 4.5, respectively)) were chosen to grow Ag NPs, meanwhile, the pH value in the nucleation stage was set to 11. Fig. 2(b) shows extinction spectra of silver colloids growing in different pH environments. Because the pH value of the nucleation stage had been optimized to 11.0, the FWHM of each extinction spectrum is almost the same, which means the two samples have similar size distribution and morphology. However, the extinction peak shied from 405 to 415 nm, which means the average size of Ag NPs increased 25 when pH value was decreased from 7.4 to 5 in the growth stage. TEM images (Fig. S3 †) conrm that Ag NPs growing at pH 5 are larger than growing at pH 7.4. This two-step method greatly improves the homogeneity of Ag NPs and makes it easy to control the size of Ag NPs. Comparing with one-step method (without any pH regulation) and stepwise method (adjusting pH from initial value to nal value in the same ask), 25 the resulting Ag NPs by the two-step method show better uniformity and monodispersion (Fig. 2(c) and S4 †). Because we separate the nucleation and growth stage, the pH value of each stage can be controlled precisely, and the environments for nucleation and growth can be optimized separately to avoid fuzzy point of time between nucleation and growth stage.
Although the morphology of Ag NPs had been controlled during the nucleation stage, there were still some rod-like and smaller particles. To remove these, low speed centrifugation was performed because particle sedimentation is related to the morphology and size according to Svedberg coefficient.
38-40
During slow speed centrifuging, spherical Ag NPs are inclined to sediment at the bottom and rods prone to deposit on the side wall of the centrifuge tube, meanwhile, the pretty small nanoparticles are still staying in the supernatant. The Ag NPs deposited at the bottom of the centrifuge tube are collected and centrifuged again. Aer 6 rounds of centrifugation, the spherical Ag NPs around 65 nm were segregated. The TEM (Fig. 3(a) ) shows that the average size of nally prepared Ag NPs is about 65 nm and the RSD is 7.80%. Rod-like particles are only accounted for 0.29% of the total particles. The evolution of morphology and size of Ag NPs accompanied by multiple rounds of centrifugation is shown in Fig. S5 . † The uniformity of prepared Ag NPs was also characterized by SERS performance of R6G and the collected SERS spectra are shown in Fig. 3(b) . Results indicate that our Ag NPs have excellent uniformity and the average RSD is only 8.18%. The RSD of each specic peak is shown in Table S1 . †
Characterization of SERS substrate
Although PDMS's hydrophobicity makes adsorbing Ag NPs onto its surface difficult, APTMS silylanization aer oxygen plasma process introduces amino groups to the surface of PDMS; under low pH, protonated amidogen can effectively adsorb Ag NPs. Schematic is shown in Fig. 4(a) . The PDMS substrate is evenly coated with a single layer of monodisperse Ag NPs aer surface modication (see Fig. 4(b) ). The uniformity of the SERS-active substrate was characterized by SERS signals of R6G. The substrate was immersed into R6G solution (10 À7 M) for 3 hours and then washed to remove excess R6G. Aer drying, 10 spots on the substrate were randomly selected and SERS signals of R6G were detected. The measured SERS spectra of R6G are shown in Fig. 4(c) . The SERS substrate shows excellent uniformity and the average RSD is only 7.07%. The RSD of each specic peak is shown in Table S2 . †
To further examine the SERS enhancement capability of the substrate, the limit of detection (LOD) was studied. 20 ml R6G solutions with various concentrations were dropped on the SERS substrate respectively. Aer natural drying, the SERS signals of R6G were detected. SERS spectra of R6G at 10 À7 M, 10 À8 M and 10 À9 M are shown in Fig. S6 ; † the SERS intensity at 1510 cm À1 as the function of concentration is plotted in Fig. 4(d) . Clearly, the SERS signal at concentration as low as 10 À9 M still has very good signal-to-noise ratio. The enhancement factor (EF) was calculated as 2.09 Â 10 7 (the method of calculation is shown in SI-2). 
Detection of amino acid and proteins on SERS substrate
Raman spectrum is a powerful tool to study biological macromolecules. To evaluate the capability of the SERS substrate, several proteins and amino acid were tested. 20 ml different sample solutions were dropped on the substrate. Aer natural drying, SERS signals were detected respectively. Fig. 5 shows the SERS spectra of NATA (a), cytochrome c (b) and PMP 22-TM4 (c).
All the SERS spectra show great signal-to-noise ratio. NATA is an N-terminal and C-terminal blocked analogue of L-tryptophan. Its structure is shown in Fig. S8 . † Tryptophan is a naturally occurring photoactive amino acid and its uorescence can be an effective local probe to study conformational changes of proteins, while NATA is always treated as a control experiment. [41] [42] [43] Therefore, it is good to acquire more information about NATA. Cytochrome c is a well-studied protein and its specic SERS peaks are already identied. 44 Measured specic peaks of NATA and cytochrome c are assigned in Tables S3 and  S4 † and they are all consistent with previous reports.
45-47 PMP 22-TM4 is the fourth transmembrane helix of peripheral myelin protein 22 (PMP22), a four transmembrane helices protein. The sequence is shown in SI-1. PMP22 plays an essential role in myelin synthesis and assembly, but mutations in PMP22 can result in Charcot-Marie-Tooth Disease (CMTD), one of the most commonly inherited peripheral neuropathy. 48 Recent research implicated that misfolding of PMP22 is associated with the pathogenesis of CMTD. 49, 50 There is only one tryptophan residue in PMP22-TM4, which should be an effective local conformation probe. But owing to existence of 95.65% hydrophobic amino acids, PMP 22-TM4 has very poor solubility, barely soluble in water. So its tryptophan uorescence in solution is weak. Fortunately, PMP 22-TM4 shows extraordinary high SERS response, which offers a sensitive probe to study its conformational changes. Based on the structure predicted with homology model 49 (see Fig. 6 ) and known knowledge, 51-61 we rstly assigned specic peaks of PMP22-TM4, and assignments are shown in Table 1 .
Characterization of SERS performance in microchannel
SERS active microchannel ( Fig. 7(a) ) was fabricated with the method mentioned in Experimental section. R6G (10 À6 M) was employed to characterize SERS performance in the microchannel. Both transverse and longitudinal SERS uniformity 6 The structure of PMP22-TM4 predicted with homology model. Table 1 The specific peaks of SERS spectrum of PMP22-TM4 and identification
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a-Helix inside of the channel were studied. The detection area was chosen in the middle of the microchannel, and the interval of each detection spots was 10 mm. R6G solution was injected from the inlet, and all the measurements were done during ow. Under the conditions of ow, molecules adsorb on and desorb from the surface. When adsorption and desorption of R6G molecules are at equilibrium, the SERS intensity reaches a stable value (Fig. S9 †) . We collected data aer they were steady. Fig. 7 (b) shows transverse and longitudinal uniformities in the microchannel, respectively. Specic peak at 1510 cm À1 was used to indicate SERS intensity. The transverse SERS intensity is parabolic and the intensity in the centre line is larger than both sides, while, the microchannel shows excellent uniformity along the ow direction and the RSD is as low as 4.6%. All the measurements were taken along the central line of the channel during longitudinal study. We also found that the SERS intensity decays exponentially with the increase of ow rate, shown in Fig. 7(c) . This is reasonable because high ow rate is in favour of desorption of molecules from the surface; therefore, fewer molecules are adsorbed in the channel, which results in lower SERS intensity.
Detection of protein in microchannel
The SERS signal of PMP22-TM4 was measured while it was owing in the SERS-active microchannel. Although PDMS is a Raman active polymer, the SERS spectrum of PMP22-TM4 shows good signal-to-noise ratio ( Fig. 8(a) ). Comparing with the spectrum measured on SERS substrate, the signal intensity in the microchannel is overall decreased, but the interesting thing is that bands corresponding to protonated amino group, such as 1615 cm À1 and 1497 cm À1 have been signicantly enhanced ( Fig. 8(b) ).
Because the isoelectric point (pI) of PMP22-TM4 is 6.2 ( Fig. S10 †) and the acetate buffer is at pH 5.5, it is reasonable that ionization of amino group is dominant in the experimental conditions. The protonated amino group is easy to be adsorbed on Ag NPs so that its Raman scattering is greatly enhanced. Since only terminal amino group is free to ionize in the protein, we assume PMP22-TM4 is "standing" in the SERS-active microchannel through the amino group of phenylalanine (Phe). To prove the above analysis, acetate buffer was replaced by potassium phosphate buffer (KPi) to record SERS spectra of PM P22-TM4 under and above pI. The experiments were run at pH 5.8 and pH 8; the results are shown in Fig. S11 . † The results demonstrate that SERS bands corresponding to protonated amino groups have been enhanced at pH 5.8, while SERS bands corresponding to ionized carboxyl groups have been enhanced at pH ¼ 8. The 1650 cm
À1
, the specic peak of a-helix, 54 is shown in the spectrum measured in the microchannel, but disappeared in the spectrum measured on SERS-active substrate ( Fig. 8(b) inset) . This implies that PMP22-TM4 maintains the native structure in the microchannel, but might denature while drying on the surface of Ag NPs. The exciting nding shows that measuring SERS in a microchannel under the condition of ow is helpful to keep proteins in the native state and contributes to the study of protein conformation.
Conclusions
In summary, fabrication of high-efficiency and uniform SERS substrate using chemical assembly method requires two steps:
(1) preparing uniform Ag NPs with an optimal size; (2) evenly depositing Ag NPs on the substrate. Based on the understanding of the growth mechanism of Ag NPs by the citrate reduction of silver nitrate, which is the pH value in nucleation stage controls the morphology of Ag NPs while the pH value in growth stage decides the size of particles, we proposed a two-step method, in which the nucleation and growth stages are carried out independently and the pH value of each stage can be optimized separately. Assisted with low speed centrifugation, Ag NPs with an average size of 65 nm, which is balanced for the stability of silver colloids and high enhancement of SERS at 633 nm excitation, and a RSD of 7.80% are prepared. To evenly coat a single layer of Ag NPs on hydrophobic PDMS, oxygen plasma treatment and APTMS silylanization have to be carefully applied to introduce amino groups to PDMS surface to effectively adsorb Ag NPs. The homogeneity of the SERS substrate is characterized by SERS signal of R6G and the RSD is only 7.07%. The SERS signals of a variety of label free proteins and amino acid have also been successfully detected on the substrate. Finally, the SERS-active substrate has been transferred into a PDMS microchannel (300 mm Â 50 mm Â 1 cm) and the RSD along the channel is as low as 4.6%. The SERS intensity decays with increase of ow rate. This phenomenon might due to the number of molecule adsorbed on the SERS substrate is reduced under fast ow rate. Therefore, choosing appropriate ow rate is important to SERS measurement in microchannel. To evaluate the capability of the SERSactive microchannel substrate, PMP22-TM4, a poorly soluble protein with extremely low concentration, has been tested. The collected signal has good signal-to-noise ratio and gives information that PMP22-TM4 might "stand" in the SERS-active channel. Comparing with the spectrum measured on SERS substrate, data acquired in the microchannel possess more information about protein conformation and adsorption modes. And the most important nding is that measuring SERS during ow contributes to keep proteins in the native state, which is important to the study of proteins. These experimental results indicate that we have developed an effective method to fabricate uniform and high efficiency SERS-active substrate on PDMS, and it is easy to be extended to make more functional microuidic devices, such as microuidic mixer combining with SERS probe, based on all-PDMS, to study protein conformational changes.
